The thermal magnonic spectra of Co 2 Cr 0.6 Fe 0.4 Al (CCFA) and Co 2 FeAl were investigated using Brillouin light scattering spectroscopy (BLS). For CCFA, the exchange constant A (exchange stiffness D) is found to be 0.48 ± 0.04 µerg/cm (203 ± 16 meVÅ 2 ), while for Co 2 FeAl the corresponding values of 1.55 ± 0.05 µerg/cm (370 ± 10 meVÅ 2 ) were found. The observed asymmetry in the BLS spectra between the Stokes and anti-Stokes frequencies was assigned to an interplay between the asymmetrical profiles of hybridized Damon-Esbach and perpendicular standing spin-wave modes, combined with the optical sensitivity of the BLS signal to the upper side of the CCFA or Co 2 FeAl film.
I. INTRODUCTION II. SAMPLE PREPARATION AND CHARACTERIZATION
The CCFA structure under investigation is an Al(2.5nm)/CCFA(80nm)/Cr(8nm)/-MgO(100) epitaxial structure [5, 23] . The buffer layers were deposited by electron beam evaporation onto a single-crystalline MgO(001) substrate, while the epitaxial CCFA films were subsequently deposited by dc magnetron sputtering. A more detailed description of the sample preparation can be found elsewhere [5] . The films grow with the B2 structure, as there is full disorder between the Cr and Al positions, but order on the Co positions [5] .
A volume magnetization of µ CCFA ≈ 2.5µ B per f.u. (formula unit) (i.e. M s = 490 emu/cm 3 ) was measured at 300 K by SQUID magnetometry. 4-circle x-ray diffraction (XRD) scans yielded lattice parameters a = 0.570 ± 0.005 nm and b = c = 0.583 ± 0.012 nm, where the aaxis is perpendicular to the sample surface, and b and c are in-plane axes [23] . The magnetic reversal of the structure is also described in Ref. [23] .
The Co 2 FeAl sample under investigation consists of an 80 nm thick Co 2 FeAl layer which was epitaxially grown on a single-crystalline MgO(001) substrate covered with a 10 nm thick MgO buffer layer. Magnetron sputtering was employed for the deposition of both the MgO buffer and the Co 2 FeAl layer. A post-growth anneal at 550
• C provided a Co 2 FeAl film with the B2 structure, as confirmed by XRD measurements. A 3 nm thick AlO x capping layer was deposited on top of the structure to prevent sample oxidation. The sample exhibits a saturation magnetization of 4.66 µ B /f.u. measured by SQUID magnetometry at room temperature. This is in a good agreement with the previously reported value of 4.96 µ B /f.u. determined at 4.2 K [24] .
All BLS measurements presented in this article were performed using a diode pumped, frequency doubled Nd:YVO 4 laser with a wavelength of λ = 532 nm as a light source.
Unless specified otherwise, the light impinges on the sample at an angle of incidence of ϕ = 45
• , corresponding to a transferred wave vector of detected magnons q = 4π/λ sin ϕ = 1.67 · 10 5 cm −1 . The external magnetic field H was applied in the so-called magnetostatic surface mode geometry, wherein H is applied in the plane of the sample, and is perpendicular to the plane of light incidence (i.e., H ⊥ q ). A more detailed description of the BLS setup used in this work can be found in Refs. [25, 26] .
III. EXPERIMENTAL RESULTS

A. CCFA
Typical BLS spectra measured on the investigated CCFA film are presented in Fig. 1 for several values of the external magnetic field. As is clearly visible, the positions of the peaks in both the Stokes (creation of magnons, negative frequencies in BLS spectra) and antiStokes (annihilation of magnons, positive frequencies in BLS spectra) parts of the spectrum move to higher values with an increasing magnetic field. This field dependence is evidence of the magnonic nature of the observed peaks, whereas the position of a phononic peak is not expected to be field dependent. The observed peaks correspond to the Damon-Eshbach (DE) mode and to the perpendicular standing spin-wave (PSSW) modes. As will be discussed below, one of the observed peaks in the BLS spectra results from the hybridization of the DE and the second PSSW mode. Therefore, this mode will be referred as PSSW2+DE in the following discussion. The other observed peaks are pure PSSW modes.
Figures 2(a,b) provide the dependence of the observed spin wave frequencies on the value of the external magnetic field which was applied along the [110] (Fig. 2(a) ) and the [100]
( Fig. 2(b) ) directions of the CCFA film. The field dependencies are nearly identical for both orientations of the external magnetic field. However, the observed spin wave frequencies are about 1 GHz smaller when H is aligned parallel to the [100] CCFA direction, compared to when the field is applied along the [110] direction. This is also illustrated in Fig. 2(c) , where the dependence of the observed spin wave frequencies on the in-plane sample orientation (i.e., the angle between [100] direction and the applied magnetic field) is presented. The lower frequency observed when the field is along the [100] CCFA direction indicates that this direction is an in-plane magnetically hard axis [27] , in agreement with previous MOKE investigations [23] .
The solid lines in Figures 2(a-c) are a fit to the experimental data using a theoretical model described in Ref. [28] . The found parameters are: exchange constant A = 0.48 ± 0.04 µerg/cm, cubic volume anisotropy K 1 = −20 ± 10 kerg/cm 3 , Landé g-factor g = 1.9 ± 0.1 and saturation magnetization M S = 520 ± 20 emu/cm 3 . Note that each of the fitted parameter is determined rather independently by a particular experimental dependence or feature, making the fit reliable and providing results with a relatively small error. Namely, M S is obtained from the frequency of the DE mode (here PSSW2+DE mode), and agrees well with the SQUID value M S = 490 emu/cm 3 [5] . Landé g-factor is provided by the slope of BLS frequency on the external field. K 1 is determined from the variation of BLS frequencies on the sample orientation ( Fig. 2(c) ). Finally, the exchange constant A is determined by frequencies of PSSW modes. Note, that the corresponding exchange stiffness of CCFA is D = 2Agγ 0 /M S = 203 ± 16 meVÅ 2 , where and γ = gγ 0 are the reduced Planck constant and the gyromagnetic ratio, respectively.
For the PSSW2+DE mode we observe a large (between 0.5-1 GHz) splitting between the Stokes ( ) and the anti-Stokes ( ) frequencies (Figs. 2(a,b) ). This splitting is particularly Performing BLS measurements at different angles of incidence ϕ (i.e. at different values of q ), allows for an unambiguous separation of the dipole dominated magnetostatic surface wave (the Damon-Eshbach mode), from the exchange dominated perpendicular standing spin waves (PSSW). In contrast to PSSW modes, the frequency of the DE mode exhibits a much stronger dependence on the in-plane direction of the wave vector. Therefore it provides substantial shifts in the collected spectra upon the variation of ϕ (and thus q ), while the spectral positions of the PSSW modes are not significantly affected by this variation. Therefore the peak originating from the DE mode excitation can be easily identified.
( Fig. 3(b) ).
The extracted peak positions as a function of external magnetic field and incidence angle are presented by symbols in Fig. 4 (a) and (b), respectively. The solid lines present the simulation from which the following parameters were determined: exchange constant A = 1.55 ± 0.05 µerg/cm, saturation magnetization M S = 1027 ± 10 emu/cm 3 and Landé g-factor g = 2.1 ± 0.1. The corresponding exchange stiffness is D = 370 ± 10 meVÅ 2 . The value of the cubic volume anisotropy K 1 was not determined and hence its value is assumed to be zero in the simulations. Note that including K 1 into the model only slightly changes the frequency of the spin waves (by about 1 GHz). Therefore, setting K 1 to zero in the model used does not detrimentally affect the determination of M S and A.
Note that in the Stokes part of the spectrum (i.e. negative frequencies) shown in Fig. 3(a) , the PSSW2 mode is difficult to recognize. This is due to a relatively small spacing between the PSSW2 and DE modes, as well as the much stronger intensity of the adjacent DE mode.
In the anti-Stokes region of the spectrum, the DE mode has intensities that are comparable to, or lesser than the PSSW2 mode. The origin of this asymmetry of the DE mode intensities will be discussed in the following.
IV. DISCUSSION
The values of exchange constant (exchange stiffness) of CCFA was found to be A = [33, 34] , reflecting the small anisotropy of the spin-orbit coupling in these materials [35] .
To explain the aforementioned asymmetries between the Stokes and anti-Stokes peak positions in the BLS spectra, we calculated the depth profiles of the dynamic magnetization for CCFA and Co 2 FeAl films, using the model presented in Ref. [28] . The results for CCFA are presented in Note that due to the shape anisotropy of the CCFA film, the amplitude of the in-plane dynamic magnetization is roughly twice as large as the amplitude in the out-of plane direction.
As demonstrated for t = 60 nm, the DE mode has a large dynamic magnetization nearby one interface and decays to the second interface. The m-th order mode of the PSSW has m nodes, (i.e., there is m points in the depth of the CCFA film where the dynamic magnetization is zero) and is symmetrical with respect to both interfaces [36] . For the 80 nm thick film, the profiles of both hybridized modes (denoted as DE/PSSW2 and PSSW2/DE) have characteristic features of both types of modes, namely they exhibit a larger dynamic magnetization nearby one of the interfaces (a characteristic feature of the DE mode) and they support two nodes (a feature of the PSSW2 mode). A careful investigation of those two modes shows that when the maximum dynamic amplitude for the DE/PSSW2 mode is at the upper interface, the PSSW2/DE mode has a larger amplitude at the opposite interface.
The presented depth profiles of the dynamic magnetization shown in Fig. 5 were calculated for the anti-Stokes modes. For the Stokes modes, the profiles are reversed, i.e. modes that were bound to the upper interface are now bound to the bottom interface, and vice versa. Fig. 6(a) ) is similar to that of CCFA (Fig. 5) . In particular, the DE and PSWW2 modes cross each other at a thickness of about 80 nm in both cases. (v)
The calculated profiles of the dynamic magnetization in Co 2 FeAl for the DE and PSSW2 modes (shown in Fig. 6 (b)) demonstrate that they are hybridized. Furthermore, the profiles of those modes are very similar to the profiles of hybridized modes at t = 80 nm found in the CCFA film (Fig. 5) .
Therefore, the BLS intensities of each mode are expected to be similar too, which is indeed observed experimentally. While the DE and PSSW2 waves are indistinguishable in CCFA due to a small difference in frequency between these two modes, the frequency difference between these same two modes is larger in the anti-Stokes part of the BLS spectra for Co 2 FeAl, which allowed us to differentiate them. As such, in the case of Co 2 FeAl, we can see that the intensity of the DE mode is smaller than the intensity of the PSSW2 mode on the anti-Stokes side. It confirms our discussion regarding CCFA, showing that the observed mode splitting in CCFA is an interplay between asymmetrical profiles of hybridized modes and the optical depth selectivity of the BLS signal.
V. CONCLUSION
We have investigated thermal spin waves in CCFA and Co 2 FeAl using BLS spectroscopy. 
